Gluconacetobacter diazotrophicus (previously Acetobacter diazotrophicus) was originally isolated as an endosymbiont in sugarcane (4, 8) but has also been isolated from other agriculturally important plants (9, 17) . In an earlier report, G. diazotrophicus was shown to play a major role in the supply of nitrogen to sugarcane (3) , and this was confirmed by a recent study (25, 26) .
Biological nitrogen fixation is catalyzed by nitrogenase, consisting of two proteins, dinitrogenase reductase (Fe protein) and dinitrogenase (MoFe protein) (24) . Both of these metalloproteins are irreversibly inactivated by oxygen within minutes, with dinitrogenase reductase being the more sensitive. To protect nitrogenase from inactivation by oxygen, a variety of mechanisms operate in diazotrophs (7, 15, 21) . In Azotobacter species, two major mechanisms are believed to contribute to the protection of nitrogenase, increased respiration and conformational protection. The increase in respiration of Azotobacter species under diazotrophic growth has been suggested to decrease the oxygen concentration around nitrogenase to a tolerable level (2, 18, 19, 22) . Additional effects such as increased supplies of ATP and reductant have recently been proposed to play a major role in the protection (15) . Conformational protection is due to the formation of a complex between the FeSII (Shethna) protein and nitrogenase under high intracellular oxygen concentrations. In this complex, nitrogenase is inactive but transiently protected from damage by oxygen (10, 13, 21) . Additional studies have shown that the function of the FeSII protein is of major importance for cell viability under carbon and/or energy limitation but only when cells are grown diazotrophically (12, 14) .
G. diazotrophicus can grow diazotrophically in an atmosphere of air (27) , and diazotrophic conditions lead to an increase in respiration (5, 6) due to induction of a periplasmic, membrane-bound glucose dehydrogenase and a cytochrome ba oxidase (5, 6, 11) . In addition to glucose, other carbon sources, e.g., gluconate and ethanol, have been shown to be oxidized primarily in the periplasm, whereas fructose is metabolized only through cytoplasmic reactions (1) . Furthermore, diazotrophic growth increases with increased oxygen pressure provided that the proper carbon source is also present (5, 20, 27) .
Recently, Pan and Vessey showed that subjecting diazotrophically grown G. diazotrophicus to stepwise increases in oxygen pressure led to inhibition of nitrogenase activity, which was rapidly recovered when the oxygen pressure was returned to the original level (16) . In summary, these previous studies showed that the ability of G. diazotrophicus to fix nitrogen aerobically is not due to high respiratory capacity alone but that another mechanism is involved. To further identify the mechanisms protecting nitrogenase from oxygen inactivation, we have studied the influence of the carbon source on respiration as well as the possible operation of conformational protection in G. diazotrophicus.
In order to establish the relation between nitrogenase activity and the capacity of a carbon source to support respiration, respiratory rates with different carbon sources were determined for diazotrophically grown G. diazotrophicus PAL 5 (provided by J. Döbereiner, EMBRAPA, Seropédica, Brazil) (28) . Cells in the late exponential phase were centrifuged, washed, and resuspended in fresh medium with or without a carbon source. Respiratory rates were determined using a Clark electrode, and the measurements (duplicates from two different cultures) were initiated by the addition of a carbon source to cells in air-saturated medium without a nitrogen source. The respiratory rates (mol of O 2 ⅐ min Ϫ1 ) were as follows: 220 Ϯ 15 with glucose, 70 Ϯ 1.4 with gluconate, 70 Ϯ 2 with ethanol, 48 Ϯ 5 with fructose, and 27 Ϯ 1.4 with pyruvate. Glucose was by far the most efficient substrate for respiration, as has been reported previously (1, 5) . Ethanol and gluconate were clearly better substrates than fructose and pyruvate. Based on these results, glucose and pyruvate were chosen as the efficient and less efficient respiratory substrates, respectively.
The capacity of G. diazotrophicus to catalyze nitrogen fixation, measured as acetylene reduction (28) in the presence of different oxygen concentrations with either glucose (100 mM) or pyruvate (180 mM), was determined. Nitrogenase activity was measured in an atmosphere with 20 or 5% oxygen in N 2 . As shown in Fig. 1A , the initial nitrogenase activity with glucose was independent of the oxygen concentration, whereas at a cell density corresponding to a turbidity (optical density) at 600 nm (OD 600 ) of 0.6, pyruvate can only support nitrogenase activity under 5% oxygen. However, at an OD 600 of 1.2, nitrogenase activity with pyruvate was demonstrated even under 20% oxygen at a rate similar to that seen with glucose as the substrate. At higher OD values, the activity was essentially the same, a phenomenon observed also with glucose at increasing OD values, probably due to production of a gradient of oxygen in the reaction mixture. These results clearly suggest that the total rate of respiration must be high enough to lower the concentration of oxygen to a level at which nitrogenase is not inactivated. With glucose as the reductant, the respiratory rate is high enough even at low cell densities, whereas the respiratory rate with pyruvate is insufficient to decrease the oxygen concentration at low cell densities. It can thus be concluded that respiratory protection is one mechanism operating in G. diazotrophicus and that its most important effect is to reduce the oxygen concentration. Other effects, such as an increase in the supply of ATP and/or reductant for nitrogenase, are probably less important judging from the difference between glucose and pyruvate at lower and higher cell densities.
In order to investigate whether nitrogenase in G. diazotrophicus is protected by additional mechanisms, cells (at an OD 600 of 0.6) were subjected to 20% oxygen in N 2 with pyruvate as the carbon source, leading to loss of nitrogenase activity. After 1 h under these conditions, glucose with or without tetracycline (15 g/ml) or ethanol with or without tetracycline was added or the atmosphere was changed to 5% oxygen in N 2 . As shown in Fig. 1B , both glucose and ethanol supported rapid recovery of activity. Tetracycline, which inhibits protein synthesis in G. diazotrophicus (data not shown), produced no effect, indicating that the recovery was independent of protein synthesis. In contrast, pyruvate could not support the reactivation of nitrogenase, even at 5% oxygen, although pyruvate does support nitrogenase activity under this oxygen concentration (Fig. 1A) . These results suggest that nitrogenase can be reversibly inactivated and that reactivation requires an efficient respiratory substrate and reductant, e.g., glucose.
To investigate the effect on nitrogenase during inactivation, samples were taken at different times and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting (28) As shown in Fig. 2A , dinitrogenase reductase was degraded when cells were kept under 20% oxygen in N 2 with pyruvate as the carbon source, whereas in cells shifted to an atmosphere with 5% oxygen after 1 h under 20% oxygen, the amount of dinitrogenase reductase remained essentially at the original level (Fig. 2B) . These results indicate that in addition to respiratory protection, conformational protection also safeguards G. diazotrophicus nitrogenase.
In Azotobacter species, conformational protection is due to the interaction of nitrogenase with the FeSII protein (23), leading to an inactive but protected nitrogenase. To investigate whether an FeSII protein is also present in G. diazotrophicus, Western blots were performed on extracts from G. diazotrophicus grown either diazotrophically or with ammonium chloride (30 mM). As shown in Fig. 3A , antibodies against the Azotobacter vinelandii FeSII protein (a gift from F. Moshiri) clearly identified a protein of the expected molecular mass (14 kDa) in extracts of cells under diazotrophic as well as nitrogensufficient growth conditions. The oxygen concentration did not influence the level of the putative FeSII protein in the extract (data not shown).
To investigate the function of the putative FeSII protein, cell extracts were subjected to immunoprecipitation using antibodies against R. rubrum dinitrogenase and dinitrogenase reductase. Cell extracts were prepared by passage of a cell suspension in buffer (25 mM HEPES [pH 7.8], 5 mM MgCl 2 , 0.5 g of leupeptin per ml, 0.1 mg of Pefablock per ml) through a Ribi cell fractionator followed by centrifugation at 100,000 ϫ g for 60 min. For anaerobic extracts, cells were resuspended in degassed buffer containing 2 mM sodium dithionite. All manipulations were done under an atmosphere of oxygen-free nitrogen. Cells grown with glucose under 20% oxygen were used for both extracts. Extracts were diluted eight times in buffer (10 mM NaCl, 2 mM EDTA, 0.1% Triton, 0.1% bovine serum albumin) and immunoprecipitated. Protein A-Sepharose (Amersham Biosciences) was added and then centrifugation was performed to isolate precipitates, which were analyzed by SDS-PAGE and Western blotting using antibodies against R. rubrum nitrogenase and against the FeSII protein from A. vinelandii.
As shown in Fig. 3C , the immunoprecipitates from aerobic extracts contained both nitrogenase proteins as well as the putative FeSII protein, irrespective of which of the two antibodies was used in the immunoprecipitation. In contrast, the FeSII protein was not present in the precipitates from the anaerobic extract (Fig. 3D) . It should be noted that the heavy chain of the antibodies migrate just ahead of the subunits of dinitrogenase, making quantitative evaluation of the amount of protein precipitated difficult. The amount of dinitrogenase re- Fig. 3B , there was no cross-reaction between dinitrogenase and the antibodies directed against dinitrogenase reductase or vice versa. To further confirm protection by the formation of a complex, nitrogenase activity was measured in aerobically prepared extracts mixed with aerobic buffer. After 10 min, the activity had decreased to only 70% of that of the control extract incubated anaerobically with dithionite. This is in good agreement with results from similar experiments with Azotobacter extracts (14) . Together, these results provide strong evidence for the protection of nitrogenase in G. diazotrophicus by a conformational mechanism involving a putative FeSII protein, which forms a complex with nitrogenase, rendering nitrogenase inactive but transiently protected from oxygen damage, similar to the situation in A. vinelandii. The specific signal leading to dissociation of the complex between nitrogenase and the FeSII protein has not been identified, although the redox status is believed to play a central role (14, 21) . The fact that cells that were switched from an atmosphere with 20% to one with 5% oxygen in N 2 with pyruvate did not regain activity indicates that pyruvate alone does not generate the signal for nitrogenase reactivation under these conditions, although dinitrogenase reductase is protected from degradation (Fig. 2B) . The rapid reactivation produced by glucose indicates that the reducing power of pyruvate is sufficient to decrease oxygen concentration but not to support a sufficiently low redox state.
In conclusion, we have shown that the ability of G. diazotrophicus to catalyze nitrogen fixation under high oxygen concentrations is dependent on the capacity of the carbon source to support respiration at a rate sufficient to produce an oxygen concentration compatible with nitrogenase activity. It has been argued that the function of increased respiration in A. vinelandii is not primarily to lower the oxygen concentration, thus putting the role of respiratory protection into question (15) . However, the result shown here in which pyruvate, a poor respiratory substrate, supports nitrogenase activity only when the cell density is high enough suggests that the main effect of the increased respiration in G. diazotrophicus under diazotrophic conditions (5) is in fact to lower the oxygen concentration. In addition, it has been shown that nitrogenase activity is only measurable when the oxygen concentration is lowered to nondetectable levels (5) . As a complement, nitrogenase in G. diazotrophicus can also be protected, as described here, by a conformational mechanism involving a putative FeSII protein operating when cells are subjected to sudden increases in oxygen pressure, which has been shown in a recent study (16) . This protective mechanism would enable cells to adjust to the new conditions without nitrogenase being damaged by oxygen. If the carbon source present supports a sufficiently high rate of respiration, then nitrogenase activity is regained; if not, then nitrogenase is degraded after a transient period of protection. The demonstration of an FeSII protein in G. diazotrophicus is the first report of the occurrence of this protein in a diazotroph not belonging to Azotobacter, opening the possibility that conformational protection of nitrogenase operates in other diazotrophs that grow and fix nitrogen under aerobic conditions.
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